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Introduction 49 The large number of falls experienced by people with Parkinson's Disease (PD) (Pickering et 50 al. 2007 ) are thought to be related to inadequate postural responses (Bloem et al. 2001; Horak 51 et al. 1996; Horak et al. 2005) . The ability to generate a step quickly and accurately after a 52 loss of balance is disrupted in PD and levodopa medication seems to offer no benefit (King et initiation does not improve with DBS and there is an overall impairment in step preparation 65 after surgery compared to before surgery in both STN and GPi sites (Rocchi et al. 2012) . 66
When taking a voluntary step forward, a lateral weight-shift toward the stance foot 67 (sometimes called an anticipatory postural adjustment or APA) is required to maintain lateral 68 balance when the stepping foot is off the ground. When a predictable external perturbation 69 pushes a standing person just beyond the threshold of an in-place response, an APA is 70 generally observed just prior to the compensatory step. However as the perturbation increases 71 in strength or becomes unpredictable, the APA is increasingly absent in healthy control 72 5 subjects (McIlroy and Maki 1993). The side-ways instability induced by taking one foot-off 73 the ground is given less priority than the forward instability imposed by the perturbation and 74 so the lateral APA is inhibited in order to expedite the compensatory step to preserve balance. 75
When subjects with PD are exposed to large, unpredictable perturbations, they exhibit APAs 76 far more frequently than control subjects, which delays the time to lift the stepping foot (King 77 et al. 2010 ). Furthermore, PD subjects sometimes make multiple APAs before a 78 compensatory step, as though they are preparing to lift a particular foot-off the ground only to 79 abort and switch to the other foot. This behavior is associated with festination and freezing of 80 gait (Jacobs et al. 2009 ), and freezing of gait in PD is associated with falls (Kerr et al. 2010) . 81
The execution phase of the compensatory step is also affected in PD (King et al. 2010) . A 82 step that is too short may be insufficient to arrest the falling center of mass (CoM) of the 83 body, so subsequent steps may be required to recover balance. Similarly, a step that is too 84 slow may allow the CoM to fall further in the time before the foot contacts the floor, again 85 subsequent steps may be required. 86
The primary aim of this study was to determine whether the DBS procedure in either STN or 87
GPi, could improve the stepping responses of PD subjects to fast, unexpected postural 88 perturbations.
Step preparation and execution phases were studied in PD subjects before, and 89 6 months following DBS surgery. Both off and on levodopa medication, and off and on DBS 90 states were tested to determine interaction effects between the therapies. A PD control group 91 was tested to compare any changes to the natural progression of PD over the six-month time 92 frame. 93 94 95 6
Materials and Methods

96
Subjects 97
Seventeen healthy control subjects and 29 subjects with idiopathic PD were included 98 in this study. The healthy control group included 14 men and 3 women with an average age 99 of 65.7 (S.D. 7.7) years. Twenty-one of the PD subjects underwent DBS surgery. Target DBS 100 sites were randomized to either the STN (n=11) or the GPi (n=10) as part of a VA/NINDS 101 multicenter, double-blind clinical trial (Follett et al. 2010 ). The 8 remaining PD-control 102 subjects met the criteria for DBS surgery, but chose not to undergo the procedure. There were 103 no significant demographic differences between the groups ( The mean amplitude of the DBS was 3.29V (range 1.4 to 5V), with 80% of the subjects 116 having a 90µm pulse width (4 subjects at 60µm), and at a rate of 185Hz for 70% of the 117 subjects, the others ranged between 130 and 150Hz.
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Experimental protocol: 119
Subjects stood on dual force plates of a moveable platform looking straight ahead 120 ( Figure 1 ). Arms were folded across the chest to ensure consistency between subjects and to 121 allow visibility of the motion analysis markers on the greater trochanter. Trials took place 122 after a series of slower-velocity forward and backward platform translations. Three trials 123 began with foot width parallel and 5 cm apart, another three trials at 26 cm apart and a final 124 trial at a self-selected comfortable width. Initial analysis revealed no significant effect of 125 these three foot displacements between treatment conditions so responses were averaged 126 across the seven trials. A harness attached to the ceiling was worn which did not provide 127 support in upright stance, but would catch the subject midway through a fall. An assistant 128 stood behind the subject and only intervened when it was clear the subject could not regain 129 standing equilibrium independently. The location of the center of pressure was monitored 130 prior to each trial on an oscilloscope and the perturbation only began when the center of 131 pressure was in the subject's quiet stance range. Subjects were instructed to keep their 132 balance as best they could. Platform translation was backwards at a velocity that pilot testing 133 had revealed was above stepping threshold of young control subjects (step velocity profile of 134 56cm/s for 0.5s). Therefore the only way to recover equilibrium without assistance was to 135 initiate a compensatory stepping response. 136 137
Experimental conditions: 138
Baseline: Compensatory stepping responses of PD-DBS and PD-control subjects were tested 139 in the morning in the "practical" OFF state -at least 12 hours since taking any dopaminergic 140 medication. Later the same day they were retested when they reported feeling "ON" 141 medication after waiting between 45 and 75 minutes after taking their usual dose of 142 dopaminergic medication. 143 6 months: PD-DBS subjects were retested six months after DBS surgery to allow the effects 144 of surgery to stabilize (Burchiel et al. 1999 ). These subjects again arrived at the laboratory in 145 Plenty of rest and refreshment breaks were offered throughout the testing session. 155
Data collection and analysis: 156
A 3D representation of body motion was measured using the Motion Analysis system 157 (Santa Rosa, CA) with 8 video cameras recording 23 reflective markers placed on body 158 landmarks at 60 Hz.
Step latency was determined from the time of surface translation to the 159 time the weight on the stepping foot dropped to below 2% of body weight. The vertical forces 160 under the feet were assessed for the presence of APAs prior to stepping. An APA was only 161 identified if a mediolateral force shift toward the stepping foot and away from the stance foot 162 occurred before foot lift off and at least 50 ms after the perturbation onset ( Figure 1B Figure 2A shows that lateral APAs before foot-off occurred more frequently in 191 subjects with PD compared to control subjects (p<0.01). In 90% of trials healthy control 192 subjects had no APA prior to foot-off, whereas PD subjects at baseline had one or more 193
APAs on approximately one third of trials. The time to take the stepping foot-off the ground 194 and the displacement of the CoM were similar between control and PD groups at baseline 195 ( Figure 2B and 2C ). The first compensatory step was longer (p<0.01) and faster (p=0.045) for 196 healthy control subjects compared to subjects with PD ( Figure 3A and 3B ). In addition, 197 subjects with PD required a greater number of total steps to regain balance compared to the 198 healthy controls (p<0.01, Figure 3C ). 199
[Figue 2] 200
Procedural effect: When comparing baseline OFF and DOPA conditions with six month OFF 201 and DOPA conditions across PD groups, there was no significant change in the number of 202
APAs prior to stepping, the foot-off latency, the displacement of the CoM at foot-off, or the 203 velocity of the step.
Step length of the first step was shorter at the 6-month assessment 204 compared to baseline assessment (p=0.04) but there was no session by PD group interaction 205 (p=0.913) suggesting natural progression of disease was the cause. There was a significant 206 session by PD group interaction (p=0.037) for the total number of steps, as the STN group 207 required more steps to recover balance than they did before surgery (p=0.029), whereas the 208
GPi and PD-control groups had no change (p>0.05 for each). Medication did not affect any of 209 the stepping variables, with no significant main or interaction effects. 210
Stimulation and therapy interaction effects: When comparing the four conditions at 6-month 211 assessment in the DBS groups the preparation phase of the step appeared to be negatively 212 affected by turning the stimulator on in the STN group, but not the GPi group. The number of 213
APAs prior to foot-off increased from about one third to a half of all trials when the DBS was 214 turned on compared to off (Figure 2A) for the STN-DBS subjects (p=0.021). In contrast the 215 number of trials with APAs remained unchanged for the GPi-DBS group when DBS was 216 turned on. There was a significant stimulation (DBS off, DBS on) by group interaction for 217 stepping latency (p=0.05) with the DBS stimulation increasing stepping latency more in the 218 STN than GPi. The length and speed of the first step and the number of total steps was not 219 changed by turning the stimulator on and there were no length or speed interaction effects 220 with DBS group. 221
Therapeutic effect: The number of APAs prior to the step increased in the best-treated state 222 after surgery (DBS+DOPA) compared to the best-treated state (DOPA) at baseline for the 223 STN group (p=0.017), but not the GPi or PD-control group (Figure 2A ). There was a 224 significant best-therapy (baseline, 6 months) by group interaction for step latency (p=0.041) 225
and CoM displacement at foot-off (p=0.043) and the number of steps (0.017). This 226 interaction was because the STN group had longer step latencies, a further CoM at foot-off 227 and a greater number of average steps required to recover balance at the 6 month assessment 228 than they did at baseline. 229
[Figure 3] 230
APA correlations: A greater number of APAs prior to foot-off was associated with delayed 231 step latency (R=0.39, p<0.001), an increased CoM displacement at foot-off (R=0.37, 232 p<0.001), reduced step length (R=-0.1, p=0.001), reduced step velocity (p=-0.11, p<0.001) 233
and an increase in the total number of steps required to recover balance (R=0.23, p<0.001). 234
Falls: When subjects failed to independently recover balance this trial was classified as a fall 235 (always caught by the harness or researcher). Within the STN group, 5 subjects who did not 236 fall before surgery experienced at least one fall after surgery, whereas the number of falls in 237 the GPi group were either unchanged or improved (Table 2) . 238
[Table 2] 239
Discussion 240 Deep Brian Stimulation in either the STN or GPi did not improve stepping responses to 241 external perturbations. The results showed that step latency, step speed, step length and the 242 total number of steps did not improve for either group six months after DBS surgery. In fact, 243 DBS in the STN disrupted the postural preparation phase, with more lateral weight shifts 244 prior to foot-off, which led to delays in executing the step. 245
Perturbations to the body during standing may be overcome with a feet-in-place response for 246 small perturbation forces, however as the perturbation force increases, a protective step must 247 be executed to prevent a fall. Previously we showed that turning DBS ON improved the feet- the in-place response there is no switching of tasks, i.e. subjects began standing and the task 256 was to remain standing. However, when the in-place response is no longer sufficient to 257 maintain balance there must be a switching of motor programs from a bilateral symmetric 258 postural response to an asymmetrical step initiation. 259
A lateral APA prior to the compensatory forward step occurred infrequently for control 260 subjects, whereas subjects with PD had difficulty inhibiting the APA. The occurrence of 261
APAs prior to a step indicate that a decision to step had been made. More frequent lateral 262 weight shifts prior to foot-off may indicate a deficit in coupling the postural preparation for 263 the step and the execution of the step itself. An emerging concept from this work is that the 264 delay to initiate a compensatory step in PD could be due to a failure to inhibit the lateral 265 APA, compounded with impairment in transitioning from the APA to the leg-lift. The failure 266
to switch quickly to the most appropriate motor program for large perturbations may be due 267 to a response inhibition problem in people with PD. SST compared to control subjects, however when SST was initially in the range of control 282 subjects, inhibitory responses are impaired by STN DBS (Ray, 2009 ). Furthermore, while 283 proactive inhibition is reported to be enhanced by STN DBS (Mirabella 2013 , Obeso 2013 , 284 reactive inhibition is worsened (Obeso, 2013) . Together, the literature suggests that the STN 285 affects motor inhibition through parallel pathways, which may have positive or negative 286 effects depending on the context and the nature of the motor task. 287
The results of this study showed that turning the STN DBS on prolonged the initial in-place 288 postural response before switching to the more appropriate stepping response. This delay was 289 not evident in GPi DBS. Unfortunately there are no studies of the effect of GPi DBS on 290 inhibition of upper limb movements to compare with our findings. Our results indicate there 291 may be differential effects of STN and GPi stimulation on response inhibition in postural 292
tasks. 293
Turning the stimulator on in the STN group seemed to affect the preparation phase of the step 294 more than the execution phase, as the number of APAs increased, which in turn delayed 295 stepping time and resulted in greater CoM displacement. In contrast, the length and speed of 296 the first step in the STN DBS group were similar whether DBS was on or off. This suggests 297 that DBS may be more involved in coordinating the timing between the postural and stepping 298 programs than with the step execution itself. Although the step length and speed were not 299 changed by DBS in STN, given that the CoM was further forward when the step was made, 300
the step size and speed should have been scaled up to make an appropriate compensatory 301 response. The initial step was not sufficient to halt the body's forward motion and this 302 explains the need for a greater number of steps. The failure to scale the postural response 303 appropriately may be more related to the PD, rather than the DBS. It is known that people 304 with PD have difficulty scaling motor output according to postural feedback (Kim et al. 305 2009) . 306
Five (45%) of the STN group fell more after surgery than before, whereas there was no 307 change in the falls incidence in the GPi group. This result may help explain the higher 308 incidence of more serious falls in the STN DBS group than the GPi DBS group, in the larger 309 multi-center trial, of which these subjects were a subset, (Follett et al. 2010) . 310
A limitation of the study was the fixed sequence of conditions: DBS, OFF, DOPA, 311 DBS+DOPA. This sequence was chosen to allow PD DBS subjects to be tested over a single 312 day, however it is possible that stepping responses improved with practice. However, as the 313 final condition (DBS+DOPA) showed worsening in the STN group it suggests that the DBS 314 was detrimental over and about any practice effect that may have occurred. 315 STN DBS is often associated with a reduction in levodopa medication dose, but in the present 316 study there was no significant reduction. The clinician who consulted with the subjects for 317 treatment optimization may have had a cautious medication reduction approach. Although 318 medication dose was routinely reduced if medication-induced dyskinesias were problematic, 319
dyskinesia cannot be ruled out as a potential confounder. On the other hand, because 320 medication dose remained similar across PD groups and between baseline and 6-month 321 assessments, confounding effects of medication dose variability were minimized. 322
Conclusions 323
The human balance system needs to be flexible and continuously adaptable to new 324 conditions. The ability to inhibit and switch between motor responses quickly, and to scale 325 the motor output appropriately is affected in PD. The results of this study show that neither 326 levodopa medication nor DBS treatments were able to improve the flexibly of the balance 327 system in PD. In fact, there was evidence that DBS stimulation in the STN prolonged 328 inhibition of the in-place response, thereby delaying the transition to the compensatory 329 stepping response. 
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